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Abstract— A novel coordinated control for energy storage
system (ESS) and renewable energy source (RES) units is
proposed in islanded AC microgrids without a phase-locked
loop system. We use a proportional-resonant control technique
for the ESS, which fixes the voltage and frequency of the
microgrid. Moreover, we use a voltage-modulated direct power
control (VM-DPC) technique, which has not only a good
tracking performance but also a good steady-state behavior,
for the RESs that generate their maximum power in the
normal operation. To ensure the stability of the microgrid,
we use the passivity property for RESs when the VM-DPC
is sued. Hence, the whole system is still stable and passive
after integrating the heterogeneous RESs into the microgrid. To
validate the proposed coordinated control architecture, we use
MATLAB/Simulink, SimPowerSystems to simulate a microgrid
consisting of one ESS, one wind turbine, one photovoltaic and
two controllable loads. Simulation results show that the islanded
microgrid is operating well and the plug-and-play capability of
the RESs is enhanced.
I. INTRODUCTION
Nowadays, with the rapid development of renewable
generation, the renewable energy sources (RESs) such as
photovoltaic (PV) and wind turbine (WT) systems have
been the main sources in microgrids. A microgrid should be
able to overcome the intermittent nature of RES. Therefore,
energy storage systems (ESSs) are required for the care of
grid-fault, energy-shortage, and load fluctuations. Hence, the
coordinated control is needed to guarantee stored energy
balance among ESSs and RESs to enhance microgrid system
stability and reliability [1], [2].
This coordinated problem has been addressed by cen-
tralized control and decentralized control concerning the
communication links. In centralized control, as a crucial
element, the communication channels are able to enhance the
stability of microgrid [3]–[5]. A coordinated control strategy
with the consideration of state of charge (SoC) balancing
in AC microgrid was proposed by combing communication
technology with hierarchical control structure [6]. However,
the control method will cause the invalidation of intact high-
level control functions is inevitable. In [7], a centralized
coordinated control was employed to equalize the SoC, even
for different capacities of distributed ESSs. But the drawback
is that, when a single point failure occurs in one of the com-
munication links, the overall system loses its coordination.
A multi-master-slave-based control was proposed to provide
rapid load sharing with consideration of distant groups, while
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the coupling of active and reactive powers problem appears
in long transformation [8].
Another method, decentralized coordinated control for
balancing discharge rate of ESSs, is an effective method to
prevent overcurrent and unintentional outage of RES units,
and to provide fast response and large stability margin in an
islanded microgrid [9]. Wu et al. proposed an autonomous
active power control strategy to realize decentralized power
management, which relies on local controllers without exter-
nal communication links. In [10], an independent control is
implemented in each unit using multi-loop controllers to au-
tonomously supply power only during peak load periods and
keep power balance. However, these two control conditions
depend on the PV system, while the various RESs are still not
considered. A coordinated and integrated control for PV and
ESSs was proposed based on V - f (or P-Q) control, maximum
power point tracking (MPPT) control, and ESS charging and
discharging control [11]. This algorithm still needs indepen-
dent parameters that are not adaptive to the system condi-
tions [12]. Recently, some distributed control methods were
also proposed to enhance the performance of the microgrids.
Distributed cooperative control using feedback linearization
[13], distributed-averaging proportional–integral controller
[14], droop-free distributed method [15], and consensus-
based distributed coordination method [16] were proposed to
achieve bounded voltage and accurate reactive power sharing
in microgrids.
The aforementioned methods have a synchronization pro-
cess with a phase-locked loop (PLL) when RESs are inte-
grated into the existing microgrids. Moreover, the stability
analysis of the microgrids becomes more complex after
the heterogeneous RESs are integrated. To overcome these
issues, a novel coordinated control architecture is proposed
in islanded AC microgrids including RES/ESS units without
PLL. We use a conventional proportional-resonant (PR) con-
troller for the ESS, which supports the voltage and frequency
of the microgrid, For the RES, we use a voltage modulated
direct power control (VM-DPC), which has some advantages
as good tracking and steady-state performances [17]. We can
expect that the VM-DPC enhances the plug-and-play ability
of RESs since they are integrated into the existing microgrids
without the synchronization process using the PLL. In order
to ensure the stability, we use the passivity principle, which
has an advantage that if a group of passive sub-systems is
connected through parallel or feedback, the whole system is
also passive and stable [18]. That is if each RES connected to
the microgrid satisfies passivity, the stability of the microgrid
AC
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Fig. 1. Architecture of an islanded microgrid
can be guaranteed by using the passivation [19]. Hence, we
use the port-controlled Hamiltonian (PCH) for RESs to get
the passivity property when the VM-DPC is used. To validate
the proposed coordinated control law, we use a microgrid
consisting of one ESS, one WT, one PV and two controllable
loads. Simulation results show that the islanded microgrid is
operating well and the plug-and-play capability of the WT
and PV is enhanced.
II. REVIEW OF PR AND VM-DPC
In this Section, we briefly introduce PR and VM-DPC
controllers.
A. PR controller of ESS
The PR controller is an effective method to track the
voltage/current reference without steady error comparing
with PI control. Consequently, the PR controller is used for
the ESS to fix the voltage and frequency of the microgrid.
The transfer function of the ideal PR controller is




where KP and KR are the controller gains and ω0 is the
angular frequency. Notice that the PR controller has an
infinite gain at the frequency ω0, and there is no phase shift
and gain at other frequency [20]. For the simplification, we
apply the PR controller to the voltage and current dual loop
of ESS in the microgrid. The references of the voltage and
frequency of the microgrid are given to the PR controller of
the ESS, as shown in Fig. 2.
B. VM-DPC of RES
For the simplification, this work focuses on the inverter
of RES that is directly connected to the microgrid. Fig. 2
shows a RES connected to the microgrid through an inverter
with an L-filter. With the consideration of a balanced grid
voltage condition, the state-space model of the RES in the
α-β frame is represented as follows:









where vα , vβ , ioα , ioβ , voα , and voβ represent the converter
voltages, line currents, and grid voltages in the α-β frame,
respectively. R and L are the filter resistance and inductance,
respectively. We define the output active and reactive powers








(voβ ioα − voα ioβ ),
(3)
where P and Q are the output active and reactive powers
of the RES, respectively. Based on a nondistorted grid, the
state-space model of the output active and reactive powers





(voα vα + voβ vβ −V 2g ),





(voβ vα − voα vβ ),
(4)
where ω is the angular frequency of the voltage and
Vg =
√









voα vα + voβ vβ
−voβ vα + voα vβ
]
. (5)













We define errors of active and reactive powers such as
e1 = Pd−P, e2 = Qd−Q, (7)
where Pd and Qd denote the references of active and reactive
powers, respectively.
Theorem 1: [22] Consider the new system in (6), if a













where νP = ẋd1 + KP,pe1,νQ = ẋ
d
2 + KQ,pe2, KP,p > 0 and
KQ,p > 0, then the closed-loop system is globally exponen-
tially stable. ♦
Proof: We differentiate the active and reactive powers












If we take the control inputs uvmP and uvmQ as (8), then the
outputs have a linear relationship with the new control inputs,
Ṗ = νP, Q̇ = νQ. (10)
Thus, we can get two simple decoupled tracking dynamics
for active and reactive powers as follows;
ėP +KP,peP = 0,
ėQ +KQ,peQ = 0.
(11)
If KP,p > 0 and KQ,p > 0, then the errors globally exponen-


















































































Fig. 2. Block diagram of the proposed coordinated control architecture for RES and ESS.
III. PASSIVITY-BASED CONTROL
In this Section, we discuss the stability of the microgrid
when the proposed coordinated control method is used. The
stability of DC microgrid has been analyzed in [19], [23].
In this paper, we use passivity property to guarantee the
stability of islanded AC microgrid, since the entire system is
stable and passive if a set of passive sub-systems is connected
through parallel or feedback [18]. Consequently, firstly, we
briefly introduce a PCH system, which is used to for RESs
to obtain the passivity property when the VM-DPC.
A. PCH System
Let x ∈ Rn denote the state and u ∈ Rm denote the input.
We consider a system described in the state-space such as
ẋ = f (x,u), (12)
where x ∈ ΩX ⊂ Rn indicates the state, and u ∈ ΩU ⊂
Rm indicates the input, Moreover, f (·, ·) : X ×U → Rn is
sufficiently smooth in the open connected set ΩX . Suppose
that (12) satisfies a PCH system as
ẋ = (J−R) ∂H(x)
∂x
+G(u), (13)




xT Sx, S = ST  0. (14)
Notice that, S is a positive definite matrix. R is a positive
definite matrix and represents the dissipative forces in the
system, J is a skew symmetric matrix and represents the
conservative forces, and G(u) is the energy acquisition
term [24]–[26].
Assumption 1: Suppose that there exist desired input ud
and desired state xd that satisfy the PCH form (13):





Theorem 2: [27] Suppose a system has the PCH form
in (13) with Assumption 1. If u = ud is applied to the system
in (13), then the closed-loop system is exponentially stable.
Namely, lim
t→∞
x(t) = xd(t). ♦
We omitted the proof of Theorem 2, which could be found
in [27]. ud could be generated if we use the flatness property.
However, in order to use the advantages of the VM-DPC, the
controller is modified.
B. VM-DPC with PCH
In this paper, the new system in (6) satisfies the PCH form












]T and S is 2× 2 identity
matrix, then the system (6) cab be represented with the PCH
form (13) as follows:



















Assumption 2: We define VM-DPC (8) as u∗, suppose
that using u∗, x converges to x∗. Then, there is a relationship
between x∗ and xd in (15) such that
xd− x∗ = e−λ t(xd− x), (18)
where λ is the decay ratio. ♦
Similar assumption is defined for wind turbine system
in [28]. From Theorem 1, we can guarantee that the closed
loop system is globally exponentially stable with the VM-
DPC. Thus, Assumption 2 is acceptable in this study. If we
define errors between the desired control input (15) and VM-





SYSTEM PARAMETERS USED IN SIMULATION
Parameter Symbol Value
Nominal bus voltage V ∗rms 230 V
Nominal bus frequency f ∗ 50 Hz
Filter inductance of ESS Lin 1.8 mH
Filter capacitor of ESS C 27 µF
Output inductance of ESS Lo 1.8 mH
Filter inductance of PV&WT Lpv,wt 3.6 mH
P-gain of VM-DPC KP,p,KQ,p 100
I-gain of VM-DPC KP,i,KQ,i 1000
PR controller of voltage KP,V ,KR,V 1,100
PR controller of current KP,I ,KR,I 100,1000























where λP and λQ are the decay ratio of eP and eQ, respec-
tively.




ėP = ∆Q, sup
∀x∈Xo
ėQ = ∆Q. (21)
♦
With consideration of the RES rating, the power of RES
is bounded. Also, the states are stabilized in the operating
range. Moreover, e and ė are also bounded due to the given
reference. Consequently, Assumption 3 is always acceptable.
Theorem 3: Given the system (6), suppose that the As-
sumptions 1 to 3 hold. If we take a control input including
VM-DPC (8) and a new feedback such as
uvm = u∗vm +u f b, (22)




, κP ≥ λP∆P,κQ ≥ λQ∆Q,
then the closed-loop system is exponentially stable. ♦
Due to the page limit, we omitted the proof of Theo-
rem 3 in this paper. Fig. 2 shows the block diagram of the
proposed method. In the normal operation, RES will inject
its maximum power to the microgrid. Through Theorem 3,
the integrated RESs have the passivity property. Thus, the
stability of the microgrid can be guaranteed.
IV. CASE STUDIES
The effectiveness of the proposed coordinated method is
verified following Fig. 1 by using MATLAB/Simulink, Sim-
PowerSystems. The parameters of the system and controller
gains are listed in Table I. In the simulation, we use a PI
controller in the VM-DPC instead of using (8) to handle the
offset problem. It will not lose the stability [17], [29]. The
case study is summarized as listed in Table II.
TABLE II
SCENARIOS IN SIMULATION
Parameter Symbol Value Unit
At 0.3s, load 1 is connected Pl1 5 kW
At 0.51s, WT is connected Pwt 8 kW
At 0.71s, PV is connected Ppv 5 kW
At 1s, load 2 is connected Pl2 10 kW
Fig. 3 describes the tracking performance of the powers
when the loads, WT, and PV are connected to the microgrid,
and Fig. 4 shows the voltages and currents of the loads. At
first, the ESS maintains the bus voltage and frequency in the
microgrid. At 0.2 s, the switch S1 is on and the load 1 is
connected to the microgrid. At this time, only ESS injects
the active power to the microgrid. At 0.51 s, the switch S2 is
on and the WT suddenly is connected to the microgrid and
generates 8 kW. Fig. 5 shows the currents of the ESS and
WT, at 0.51 s, the WT generates the power and injects the
currents to the microgrid. The WT supports all the power
consumed at the load and the surplus power is flowing into
the ESS for its charging, as shown in Fig. 3(a) and (c). The
voltages and currents of the load 1 have an overshoot and
converge to their operating points in one cycle, as shown in
Fig. 6.
After 0.2 s, the PV is suddenly connected to the microgrid
and generates 5 kW from Fig. 3(d). At this time, the power
ripples in the microgrid are slightly increased and the active
power of the load 1 has a small overshoot since the voltages
and currents are affected by the connection of the PV, as
shown in Fig. 4. Finally, at 1 s, the load 2 (10 kW) is
connected to the microgrid. At this time, the total power
of RES is less than the total power. Thus, the ESS is
discharging its power for supporting the loads. From Fig. 7,
the voltages and currents converge to their operating fast,
but the connection of the load 2 affects the WT and PV
which have a undershoot, as shown in Fig. 3. Moreover, the
THD of voltages and currents of the load are less than 5%
as commonly required for grid operation. Consequently, we
can conclude that the proposed coordinated control strategy
for the islanded microgrid has a good effect and the RES
could plug into the microgrid anytime.
V. CONCLUSIONS
A novel coordinated control strategy was proposed in
islanded AC microgrids including RESs and ESS to handle
the synchronization process without PLL and stability issues.
We used the conventional PR controller for the ESS using
which supports the voltage of the microgrid, and the VM-
DPC for the RESs which injects their maximum power to
the existing microgrid in the normal operation. Moreover,
we used the passivity principle to guarantee the stability
of the microgrid. Finally, simulation results show that the
islanded AC microgrid is operating well and the plug-and-
play capabilities of the RESs are enhanced.
(a) (b)
(c) (d)
Fig. 3. Active power of (a) ESS, (b) load, (c) WT, and (d) PV, when the proposed coordinated control is used for the islanded microgrid:
(a)
(b)
Fig. 4. Voltages and injected currents to the whole loads. (a) Voltages, (b) currents.
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